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1. This  r e p o r t  p 
40,'?00. 
2. T h e  s k i n  f r i c t i o n  i s  5 pe rcen t  of the t o t a l  r e -  
s i s t a n c e  a t  Re = 5,000, and has dropped t o  2 ps 
Re = 40,000, w 11 suppor ts  T B o m l s  theory,  
i nde r  w a l l  w i t h  
2 
be di- 
vide 
(1) 
normal fo rces  
*vgl. Ergebn. d, A e r o d - y n ,  V e r s . - A n s t ,  3, 8 7 ,  1927, 
N,A,C,A. T e  3 
wherein P = f lu id  d e n s i t y ,  w = v e l o c i t y  of f l o w ,  = a  
wa V w i t h  D = c y l i n d  
v i  sco s i  t y  . .- ----.-.- 
G 
ence between p r e s s u r e  p on the s u r f a c e  f o r  angle  8 and 
pr'essurs po of t h e  undis turbed  f l o w  measured i n  f r a c t i o n s  
of dynamic p r e s s u r e ;  $ i s  a f u n c t i o n  of t h e  c i t e d  quant f -  
t i e s .  0 t o  60'. Thom used equn- 
t i o n  ( 2 ) ,  f ro rd  60 t o  90 the  experimental  v e l o c i t y  p r o f i l e s ,  
and thus o b t a i n e d , i n  s o  far as at t r ibutable  t o  pure f r i c -  
t i o n a l  d r a g  o f  t h e  f r o n t  half ,  t h e  c o e f f i c i e n t  of f r i c t i o n  
For  t h e  i n t e g r a t h o n  f r o m  
P 
( W r  = C y  F ?!ij w 2 ,  
perpend icu la r  t o  the d i r e c t i o n  of f low,) With an increment 
f o r  the admi t t ed ly  s m a l l  f r i c t i o n  ox" tho r e a r  ha l l ,  D r .  
fhom p u t s  t h e  approximate va lue  at 
F = p r o j e c t i o n  of cy l inde r  onto a p l a n e  
Thorn's own experiments  ranged f r o m  l ~ . =  28 t o  1'7,000, 
of which only  two p o i n t s  excegded 8,000 ( f i g .  2). It w a s  
t h e r e f o r e  d e s i r a b l e  t o  r a i s e  t h e  number of t e s t  p o i n t s  hg 
i nc reased  measuring accuracy and t o  extend t 
h igher  Ra (which 8 more d i f f i c u l t  be 
i n g  s k i n  f r i c t i o n )  This  w a s  s e p a r a t e 1  
t r a n s i t i o n  z c g  min a t  Bif~) 
squared zone 
Mereby i t  w a s  found that tho  r i s e  of c i s  accompa- 
s t ema t i c  changes of p r e s s u r e  d i s t r f b u t i o n ,  f o r  
on t he  f l o w  and p r e s s u r e  f i e l d  downstream from 
t h o  c y l l n d o r  w a s  made tfic s u b j e c t  o f  a s p e c i a l  i n v a s t i g a -  
t i on .  
4 
AMALYSIS OF COE 
tream (Q = 60 
t h e  cy 
cm (23.6 i n , )  1 n t )  Two f i x e d ,  
To measure t h e  t o t a l  d r a  onent s c a l e  
the CyliiTder had t o  be movabl t e s, which 
c e s s i t a t e d  t l s ca l ing"  w i t h  very  l i t t  c l e a r a n c e  space. 
a te  boundary l a y e r  e f f e c t s  were a l l  d f o r  s e p a r a t e l y ,  
d e t a i l e d  d e s c r i p t i o n  o f  t h i s  expe r i  t a l  set-up i s  
given i n  r e fe rence  4, 
For measuring t h e  p r e s s u r e ,  t h e  cy l inde r  had a n  o r i -  
f i c e  i n  a middle sect ion:  and t h e  d i f f e r e n t  angles 8 ( s ta r t -  
i n g  f r o m  s t agna t ion  p o i n t )  were obta ined  by t u r n i n g  the  cy l -  
i n d e r ,  which a t  the  same timo also served as p r e s s u r e  p i p e .  
The e f f e c t  o f  s i 5 e  o f  t h e  p r e s s u r e  o r i f i c e  on t h e  p r e s s u r e  
i n d i c a t i o n s  i s  shown i n  t h e  fo l lowing  s e c t i o n ,  
The measurements were made on f i v e  c y l i n d e r s  (I) = 1.00, 
1 .39 ,  2.00, 3.00, 4.00 cm (0.39, 0.55, 0.79, l e 1 8 ,  and 1.57 
in . ,  r e s p e c t i v e l y ) ) ,  at  Reynolds Numbers of 5,O o 41,000. 
measurfng range,  and i n  p a r t  as check t h a t  t h e  t e  j e t  
diameter d i d  not  e x e r t  any p e r c e p t i b l o  e f f e c t r  F igure  1 
shows cg and cp for D = 1 em *(0.39 in.) and  4 cm (1.57 
in.) and o f  a p o r t i o n  f o r  2 em (0.79 i n , ) ,  t oge the r  w i t h  
R e l f  and Wiess l sbe rge r ' s  cg data. There a r e  no narken 
The d i f f e r e n t  d iameters  served i n  2art f o r  e x t e  g t h e  
between the -eg curves  ex at Re between 
ed range. Another 
cu r  i n  the cr diagram wben t h e  d i f  
tween t w o  curves  of one cy l tnde r ,  
"Which p roves  t h a t  tbg boundaries  of the a i r  j e t  exe r t  no  
e f f e c t  on the r e s i s t q n c e ,  
N,A.C..A. Technical Eiemorandum No. 725 5 
ance i s  6 pe rcen t  e t  
at  R e  r= 40,000 (1 -- 
cent  (cg = 1.19). 
- 
The discrepancy of  our f i g u r e s  f r o m  T 
(4) averages  *IO p e r c e n t .  (See f i g .  2.) 
ences,  which amount t o  N 0.5 p e r c e n t  of t S L -  
ance, l i e  w i th in  measuring accuracy. The comparisoa slip- 
p o r t s  t h e r e f o r e  D r ,  Thomts theo ry  of  t he  c o e f f i c i e n t  o f  
f r i c t i o n  up t o  t h e  sauared range. Figure 2 a l s o  sbows 
t h e  p o i n t s  o f  Thom-Relf and Ermisch-Wieselsberger, of t7hicI.i 
t h e  l a t t e r  i n  p a r t i c u l a r  a r e  at  va r i ance  w i t h  our meas-ire- 
meats and with  the  theory ,  
As concerns t h e  c o r r e l a t i o n  between f r i c t i o n  and chwr- 
a c t e r  o f  f l o w ,  i t  seems that Cy. r eaches  a c e r t a i n  mini- 
mum i n  t h e  squared range ,  which changes ve ry  l i t t l e  as >*st, 
whereas at smaller  Re, where t h o  g rad ien t  o f  C y  i s  
s t r o n g e r ,  t h e  chazgos i n  t h o  p r o s s u r e  and i n  t h e  rrholo 
f l o w  f o r m  are s u b s t a n t i a l l y  g r e a t e r .  T h i s  i s  a l r eady  in -  
d i c a t e d  by tho p r c s s u r o  d i s t r i b u t i o n  on tho s u r f a c e  ( f i g .  
3). Aside  f r o m  a g e n e r a l  i nc roaso  i n  nega t fvo  p r e s s u r e  
at i n c r e a s i n g  Rg, t h e r e  i s  a p r e s s u r e  nninirsum at 8 = 
180'. 
r i s e  i n  the r e s i s t a n c e  f a c t o r s ;  a t  around BQ = 25,000, 
t h e  pressure d i s t r i b u t i o n  has reached a d e f i n i t e  forn. 
'Phe t r ans fo rma t ion  occurs  p e r f e c t l y  p a r a l l e l  t o  t3-&e 
PRESSURIC XBDICATION AND O R I F I C l  D I W T B R  
Thorn's experiments  covered t h e  range between 8 = 0'
and 8 = 70' ( r e f e r e n c e  2). According t o  them t h e  pres-  
sure  d i s t r ibu t ionsmeasured  on a c y l i n d e r  w i t h  o r i f i c e s  of 
d i f f e r e n t  diameter  h ,  can be made t o  ag ree  when 
but  not by coord ina t ing  t h e  measured p r e s s u r e s  wi th  t h e  
c e n t e r  o f  t h e  o r i f i c e ,  i,e.,  ang le  8,. S i m i 1 a . r  exper i -  
ments of onr own were c a l c u l a t e d  t o  c"neck t h e  a p p l i c a b i l -  
i t y  of equat ion  (5) t o  our  p r o s s u r e - d i s t r i b u t i o n  neasure- 
mcnts v i t b  1 2  d i f f e r e n t  h o l e s  (h = 0.135 mm (0.098 in . )  
t o  3.04 mrn $12 in . ) )  a t  Bo = 6,800 and R 5  = 11,650 
(D = 1. cm (0.39 i n * ) ) ,  T h e ' i n t e r p r e t a t i o n  of 0 between 
O0 72' (point  of s epa ra t ion )  revea led  a l i n e a r  i n t e r d e -  
pendence between 'la and the  p r e s s u r e  i n d i c a t i o n ,  (See 
6 
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With t h e  assumption t h a t  t h e  e x t r a p o l a t i o n  according 
to 11 = 0 g ives  t h e  t r u e  p r e s s u r e ,  t h e  e r r o r  Aqar  when 
9 3.8 
= A  (6) 
pressure g r a d i e n t s  aqa pre-  
A comparison of A w i t h  
v a i l i n g  a t  t h e  same ma.t e p r o p o r  t i o n a i l i t y ,  
Thus w i t h  A t h e  approximation may b 
C c t  curve. For s 
But accord ing  t o  t a b l e  I, 3 = 0.43, t h a t  i s ,  n o t  very  
much d i f f e r e n t  f r o m  Thorn's va lue ,  0.5, 
Eqxat ion (9) s i g n i f i e s ;  One o b t a i n s  t h e  p o i n t  at 
which the measured p r e s s u r e  i s  t h e  t r u e  pressare when r e -  
ducing t h e  raeasured a.ngle by 0.43 t imes t h e  axnoant o f  t h o  
'fr el at i v  e o r  if 9. ce ifi ame t o r  
FIELD OF PRESSURE 3EHIND CYLIBDER 
According t o  a p rev ious  s e c t i o n  (pages 4 and 5 ) ,  the 
p r e s s u r s  d i s t r i b u t i o n  changes ap2rec i ab ly  w i t h i n  the  ra.ngo 
o f  Reynolds Xumbers i n  mhi cg i nc reases .  Presumably 
t h i s  t r ans fo rma t ion  i s  r e l a t e d  t o ,  p rocesses  i n  the zones 
i n  which t h e  t r a n s i t i o n  f r o m  und i s tu rbed  f l o w  t o  dead a i r  
space occurs. F o r  t h e  squared range these  t r a n s i t o r y  zones 
a r e ,  accord ing  t o  FFage and Jobansen ( r e f e r e n c e  j), turbu- 
l e n t  mixing zones emanating f r o m  t h e  reg ion  o f  t he  equator .  
They Rppxoximately f o l l o w  the FollmSen-PrsndtZ mixir,g tLe- 
oxy. 
I n  o rde r  t o  e s t a b l i s h  t h e  connec t ions  at smal le r  Ra, 
we must f i r s t  d e f i n e  t h e  p rocess  of the  t r a n s i t i o n  zone, 
o r  as we shall c a l l  i t ,  the  "mixing T i t h i n  t h i s  
zone the v e l o c i t y  d rops  f r o m  cons t an t  t o  ' ze ro  i n  t h o  o u t -  
s i d e  f l o w  o r  t o  a v mall v a l n e  i n  the  dead a i r  space. 
Since t h e  p r e s s u r e  t h e  l a t t e r  is nega t ive ,  t h e  p r e s s u r e  
i n d i c a t i o n  o f  a F i t o t  tube mounted p a r a l l e l  t o  tbe main 
f l o w  d i r e c t i o n  - in t roduced  from w i t h o u t  t;mct:is;h t h e  mix- 
one i n t o  the  ad air  space - progres ses  from con- 
p r e s s u r e  v a  s t o  lower m o u n t s .  O.;li:ig t o  t he  d i f -  
t i e s  involve  n e f f e c t i n g  a c c u r a t e  s t a t i c  p r e s s u r e  
e l o c i t y  r eco rds  i n  such zones ( r e fe rence  6). t h e  said 
*Ri thout ,  however, main ta in ing  thiz'c there i s  any t u r b u l e n t  
n ix ing  i n  i t .  
8 N 
ough the c e n t e r  of t h  
sure  (up t o  a c o n s t a n t ) ,  
The p r o j e c t e d  p i e c e s  A-B ( f i g .  6 )  i n  d i r e c t i o n  y ,  
that is, t h e  widths  o f  t h e  mixing zones, 12lotted f o r  t h e  
d i f f e r e n t  spac ings  x, a f f o r d  diagrams such as those 
shown i n  f igures  7, 8 ,  and 9 f o r  D = 1,4 cc1 ( G . 5 5  in,) at 
t h r e e  d i f f e r e n t  Re. 
A t  RQ = 5,000 ( f i g .  '7) ' t h e  zafxing zone i n c r e a s e s  
o n l y  g r a d u a l l y  i n  wid th  a t  f i r s t ,  t h o  e 
apprec i ab le  u n t i l  about L D bahi  
e symmetrical a x i s  s ( E P  i s  r e  
expanse o f  t h e  dead a i r  space i s  conpar 
Beginning a t  t h e  c y l i n d e r  the p r e s s u r e  p 1  i n  t he  
F i g u r e  10 shows t h e  dead l e  
the  p o i n t s  E ,  p l o t t e d  aga ins  e 
seem t o  s t r i v e  toward a aons t aa t  V a l  
i s ,  theLcharac te r  o f  t h e  flow approaches permanency, 
an t  i c i p  a t  ed . 
Figure  10 a l so  shows t h e  d i s t a n c e s  f ,  o f  t h e  above- 
mentioned p r e s s u r e  minima f r o m  t h e  cy l inde r .  The pa r  
i s m  o f  the  curves s i g n i f i e s  t h a t  changes i n  f l i k e w i s e  
r e p r e s e n t  a c r i t e r i o n  f o r  t he  t ransformat ion  of t h e  flow, 
F o r  i n t e r p r e t i n g  t h e  desc r ibed  changes of t h e  p re s -  
sure p a t t e r n  G/D )” = t h i ckness  of mixing zone) may be 
p l o t t e d  a g a i n s t  x D o r  Re6 = 6 w / O  may be p l o t t e d  ver -  
sus  Re, = x w / U ,  The n u l l  p o i n t  f o r  t h e  x v a l u e s  i s  
taken a t  8 = 45’ i n  f i g u r e  11. Vi th  t h i s  choice of nul.?. 
p o i n t  t h e  Reg a r e  approximately co inc ident  on one curve 
f o r  the d i f f e r e n t  Reynolds Numbers. Furthermore,  at small 
Re, Reg, and ReX o r  i n  a d i f f e r e n t  r e p r e s e n t a t i o n  a t  
small Re, &/D, and x/D, t h e  i n d i v i d u a l  curves  assume 
a f o r m  which f o l l o w s  t h e  power l a w :  
- 
Res = const  /Rex o r  D = const  J% (10) 
Since  t h e s e  l a w s ,  conformably t o  P r a n d t l f s  boundary 
l a y e r  t heo ry ,  r e p r e s e n t  c h a r a c t e r i s t i c  r e l a t i o n s  f o r  larni- 
nar  boundary l a y e r s ,  whereas o u r  mixing zones may eqna1l.y 
be cons idered  detached,  f r e e  boundary l a y e r s ,  t h e  e x i s t -  
ence o f  eqv!&tions (10) can be taken  as proof of t he  lam- 
i n a r  c h a r a c t e r  o f  t h e  mixing zone. T h e  p o i n t s  d ive rg ing  
from equa t ion  (10) a r e  given as c r i t i c a l  Reynolds Numbers 
i n  table 11. The las t  column shows that t h e  cr . i t ica1 
p o i n t s  approach t h e  c y l i n d e r  as Be i n c r e a s e s ;  %he turbu- 
l e n t  n i x i n g  zone d i s p l a c e s  t h e  laminap p i e c e  more and maze, 
t h e  t u r b u l e n t  i n t s r f  orences advance toward t h e  cylilzd.er 
and have perhaps reached i t  a t .  t h e  begianihg o f  t he  squa,rcd 
zone* 
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EXPERINENTS WITH A R T I F I C I A L  TURBULEBCE 
OF TEE IIFREEfl BOUNDARY LAY32 
- -  
The desc r ibed  development i n  t h e  range of R e  = 3,000 
t o  R e  = 15,000 can be cons ide rab ly  acce e r a t e d  by the  
use  o f  t h i n  wi re s  on t h e  s u r f a c e  o f  t h e  c y l i n d e r  a t ,  o r  i n  
f r o n t  o f  t h e  equator ,  as i l l u s t r a t e d  by the  displacement  
o f  t h e  p r e s s u r o  minimum ( f = i t s  d i s t a n c e  f r o m  cy l inde r )  
toward t h e  c y l i n d e r  i n  f i g u r e  1 2 ,  F igu re  13  shows t h e  s i -  
multaneous stoop r i s e  i n  cg ( w i t h  a wire of d = 0.3 mm 
(0.012 in.) diamoter at tho equa.tor of t h o  I) = 1.4 cm 
(0.55 in . )  c y l i n d e r ) .  
Thego 
( r  of e r  on ce 
drag  c o e f f i  
by the  i n c i  
t h e  sphere ,  
expsrimonts are analogous t o  t hose  of P r a n d t l  
7), i n  which at h ighe r  Re t h e  change 30 l o w e r  
c i e n t s  w a s  speeded up by wi re s ,  as manifested 
l e n c e  of t h e  boundary 1 
st t o  t h a t ,  o 
problem of i n c i p i e n t  tu rbulence  o f  t h e  de tached  I1free" 
boundary l a y e r ,  A t  t h e  h igher  Reynolds Numbers of t h e  
P r a n d t l  experiments i t  rntght, accord ing  t o  the  above r e -  
su l t s  r e g a r d i n g  t h e  advancing turbulence  t o w a r d  t h e  c y l i n -  
d e r ,  be t o t a l l y  t u r b u l e n t ,  s o  that t h e  wire  r i n g  a t  t h o  
equator  remained i n e f f e c t i v e  up t o  aTound Re = 180,000. 
B u t  a t  o u r  s m a l l  Ro t h e  f r e e  boundary l a y e r  i s  l a m i n a r  
and becomes l a m i n a r  because o f  t h e  w i r o ,  which s t i p u l a t e s  
t h e  inc reased  drag. A v i s i b l e  proof  i s  given i n  f i g m e  12. 
N.A.C,A. Technical Memorandum No. 735 11 
The wire d = 0.1 mm (0.004 in.)  p laced  a t  90°,  e 
but a minor e f f e c t ,  whereas, when sh i f  
boundary l a y e r  (0.2 ml]. (0.008 i n , )  a w  
t h e  change i s  complete. 
T r a n s l a t i o n  by J. Vanier ,  
Rat iona l  Advisory Committee 
f o r  Aeronaut ics .  
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